Materials with strong correlations are prone to spin and charge instabilities, driven by Coulomb, magnetic, and lattice interactions. In materials that have significant localized and itinerant spins, it is not obvious which will induce order. We combine electrical transport, X-ray magnetic diffraction, and photoemission studies with band structure calculations to characterize successive antiferromagnetic transitions in GdSi. GdSi has both sizable local moments and a partially nested Fermi surface, without confounding contributions from orbital effects. We identify a route to incommensurate order where neither type of moment dominates, but is rooted in cooperative feedback between them. The nested Fermi surface of the itinerant electrons induces strong interactions between local moments at the nesting vector, whereas the ordered local moments in turn provide the necessary coupling for a spindensity wave to form among the itinerant electrons. This mechanism echoes the cooperative interactions between electrons and ions in charge-density-wave materials, and should be germane across a spectrum of transition-metal and rare-earth intermetallic compounds.
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itinerant magnetism | RKKY interaction | asymmetric line shape I ncommensurate density waves emerge in a wide variety of correlated electron systems. They are a common aspect in cuprate superconductors (1, 2) , itinerant transition-metal magnets (3, 4) , and rare-earth compounds (5-7), as well as low-dimensional charge-ordered materials (8, 9) and perovskite manganites (10, 11) . In contrast with commensurate density waves, the incommensurate states are often electronically soft (11) , and many spin and charge orders in metals are continuously tunable (9, 12) . Furthermore, the incommensurate structures are often only weakly coupled to other degrees of freedom in the underlying lattice, giving rise to the rare possibility of direct theoretical modeling of a variety of experimentally accessible material systems, spanning from functional materials of technological importance (10, 11) to fundamental topics of emergent states in quantum critical phenomena (9, 12) .
Spin states with long-range incommensurate magnetic order may be stabilized by itinerant electrons through two distinct mechanisms. If the Fermi surface has well-nested regions, the itinerant electrons themselves typically become unstable toward the formation of a spin-density wave (SDW) (13) . A prominent example of this class of materials is elemental chromium (4, 13, 14) . Alternatively, in the presence of local magnetic moments, the itinerant electrons may form screening clouds which mediate magnetic interactions between the local moments and cause them to order through the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interaction (5, 15) .
To form a nesting-driven SDW or charge-density wave (CDW) (13) , it is necessary to have a nonzero coupling between itinerant electron states on opposing portions of the nested Fermi surface. In the presence of a perfectly nested Fermi surface, the required coupling strength may be infinitesimally small, but in real materials one must always have a finite coupling strength because perfect nesting never occurs in more than one dimension. In the case of CDWs, this coupling is normally provided by phonons, because electrons can transition between nested states by scattering off lattice distortions. For SDWs in the presence of nearly perfect nesting conditions, such as in elemental Cr, phonon scattering may provide a similar coupling term (13) . More generally, however, alternative mechanisms may dominate the coupling between nested states. As we point out here for the particular case of GdSi, one mechanism that is not often discussed (16, 17) is that the interaction between itinerant spins and local moments may provide the necessary coupling strength between nested portions of the Fermi surface and let itinerant electron spins form a SDW. At the same time, the maximum in the susceptibility of those itinerant electrons, which results from nesting, influences the RKKY interactions between local moments so that they will tend to order at the same wave vector of the itinerant SDW. The Fermi surface nesting condition restricts the typically broad q dependence of the RKKY interaction, and determines the magnetic ordering wave vector for both itinerant and local moments. Thus, not only can RKKY interaction and nesting coexist but can even cooperate in the formation of incommensurate spin order involving both local moments and itinerant electron states.
Incommensurate spin structures built from local moments are frequently observed in rare-earth elements and compounds, although not often as the ground state. For elemental rare-earth systems such as Tb, Dy, Ho, Er, and Tm, antiferromagnetic helical or spiral spin structures exist at elevated temperatures with a strong spin-orbit coupling typically driving a low-temperature transition to either ferromagnetic or commensurate spin ordering (5). Among the rare-earth elements, Gd is unique in that the electrons in the 4f shell combine to possess only spin but no orbital component under Hund's rules. Thus, Gd compounds are often ideal choices for studies of collective spin behavior, such as, for example, the frustrated antiferromagnetic gadolinium gallium garnet, GGG (18) . Studying the spin behavior in Gd compounds via neutron scattering is difficult due to the large neutron absorption cross-section of the most common isotope. However, long-range incommensurate spin ordering was revealed by X-ray magnetic diffraction in several Gd compounds such as GdCo 2 Ge 2 , GdNi 2 Ge 2 , and GdNi 2 B 2 C (6, 7, 19) , and the idea of cooperative RKKY and nesting effects was discussed in systems such as GdNi 2 Ge 2 (19) and Tb 2 PdSi 3 (20) . However, for GdNi 2 Ge 2 and GdNi 2 B 2 C, lack of a resistance anomaly at the onset of magnetic ordering suggests that the incommensurate spin structure is not likely to involve any gapping of the Fermi surface (21, 22) , and for Tb 2 PdSi 3 it is unclear whether resolution-limited, longrange magnetic order exists at the wave vector suggested by the angle-resolved photoemission spectroscopy (ARPES) work (20) .
Here we focus on the binary intermetallic GdSi (Fig. 1A) , which is antiferromagnetic below 55 K (23, 24) . Our X-ray measurements indicate that GdSi possesses an incommensurate spin structure in the ground state, involving both large local moments and itinerant electron spins. Longitudinal resistivity and Hall coefficient data suggest that the magnetic transition is accompanied by a sizable change of the Fermi surface with a reduction of density of states (DOS) and opening of a band gap, which is also confirmed by photoemission measurements and ab initio band structure calculations. The sheet-like nature of the Fermi surface for the gapped states and the corresponding necessary presence of nesting are evidenced by the diffraction line shape at the incipience of antiferromagnetic order, where the resonance-enhanced static magnetic form factor closely mimics the imaginary part of the itinerant spin susceptibility. This strongly suggests that the magnetic ground state in GdSi involves a cooperative ordering mechanism, in which itinerant electrons mediate RKKY interactions that tend to order the local moments, whereas the local moments in turn provide the necessary coupling strength between nested itinerant states to form a SDW. This situation is intriguingly similar to the phonon-mediated nesting instability in CDWs, which consist of simultaneously ordered modulations in the density of itinerant electrons and in the displacements of local ionic cores (25) .
Results
Lattice and Incommensurate Magnetic Structures. The broad temperature evolution of the magnetic susceptibility of GdSi (Fig.  1B, Inset) is consistent with what has been previously reported in the literature (24) . Here, we focus on the detailed region around T N (Fig. 1B) . In contrast with the single transition reported in the literature, we observed two anomalies at 53.0 and 54.7 K along all three principal axes. The anomalies point to two magnetic transitions, from paramagnet to antiferromagnet at T N = 54.7 K, followed by a spin-flip transition at T SF = 53.0 K. From 53 K to our base temperature of 1.8 K the susceptibilities vary smoothly, with no signatures of additional phase transitions.
GdSi in the paramagnetic state has an orthorhombic structure with a space group Pnma (no. 63) (26) . Gd ions sit on the 4c site, with the only local symmetry a mirror plane about the b axis. Our high-resolution X-ray diffraction results indicate that in the magnetic phase, the mosaic profile of lattice diffraction orders involving both nonzero K and L indices shows spontaneous twinning of the single crystal and a symmetry reduction in the lattice. Longitudinal θ-2θ scans of individual mosaic peaks show clear splitting of the d-spacing related to general orders such as (1, 1, 1) and (0, 3, 3) ( Fig. 2A) . The twofold splitting of (1, 1, 1) order indicates that GdSi has a monoclinic structure in the antiferromagnetic phase instead of triclinic. The difference between (0, 3, 3) and (0, 3, −3) orders gives α = 89.916°± 0.002°between the b* and c* axes at T = 4 K, consistent with the splitting of the (1, 1, 1) order. Although the d-spacing splitting drops below instrumental resolution near the phase boundary, the curvature of its temperature dependence suggests that the symmetry reduction happens at T SF rather than T N . This is further corroborated by magnetic diffraction results (discussed below) that reveal a weak first-order phase transition at T SF . The space group of the lattice structure in the lower antiferromagnetic phase was determined at 6.6 K using high-resolution X-ray powder diffraction as P2 1 /c (no. 14). In addition, the b-axis lattice constant slightly expands upon cooling through T N , indicating an overall magnetostrictive effect.
Using resonant X-ray magnetic diffraction, we identified the characteristic incommensurate wave vectors as Q = (0, q b , q c ) ∼ (0, 0.483, 0.092) in both antiferromagnetic phases. Between T SF and T N , the orthorhombic lattice structure supports two degenerate magnetic domains along the (0, ±q b , q c ) directions, related by a mirror symmetry about the (0, 1, 0) plane. Below T SF , the monoclinic symmetry breaks the twofold magnetic degeneracy in the b-c plane, and each magnetic order (0, q b , q c ) becomes associated exclusively with the corresponding lattice domain. The magnetic nature of the incommensurate order is shown by the resonance energy dependence across the Gd L2 edge (7,930 eV) in the σ-π diffraction geometry (Fig. 3A) , indicating an electric dipole (E1)-dominated resonance behavior between Gd 2p 1/2 -5d 3/2 states (27) .
Azimuthal scans of the magnetic order at the resonant condition provide detailed knowledge about the antiferromagnetic spin structure (27) . Defining the azimuthal angle φ = 0 when the (0, 0, 1) order is within the diffraction plane, azimuthal scans about (0, 2±q b , ±q c ) are plotted in Fig. 2B . In the high-temperature phase between T N and T SF , the diffraction intensity reaches zero at certain φ values, a signature of a collinear spin structure (27) . Fitting our data with a collinear spin arrangement that is precessing around the diffraction wave vector (0, 2−q b , −q c ), we find that the spin structure lies within the b-c plane, transverse to the incommensurate wave vector Q = (0, q b , q c ). As the Q vector tilts by only about 9°away from the b axis, the predominant projection of the spin moments lies along c. This is consistent with the susceptibility results shown in Fig. 1B . Between T N and T SF , susceptibility curves along a and b have similar shapes and are stronger than along c, indicating that a and b are soft axes with magnetic moments aligned nearly perpendicular to them. We note that the a-and c-axis susceptibilities become similar in shape below T SF and are also much smaller than that of the b axis (Fig. 1B, Inset) , indicating that the spin structure becomes noncollinear (planar) and lies close to the a-c plane. This is reflected in a relatively weak azimuthal angle dependence shown in Fig. 2B (Lower). Although the low-temperature azimuthal response also could be consistent with spins aligned along b, the magnetic susceptibility rules out this possibility.
Measurements of q values of both (0, 2±q b , ±q c ) orders (Fig.  3B) show that the magnetic wave vector Q evolves smoothly with temperature until a discontinuous jump at T SF , indicative of a first-order spin-flip transition. We also plot in Fig. 3C the evolution of (0, q b , q c ) in reciprocal space as a function of temperature, with individual components of q b and q c calculated from q The first-order jump of the incommensurate wave vector at T SF allows one to trace both magnetic order parameters separately even at azimuthal angle φ = 0 (Fig. 3D) . We notice that although the spin-flip transition at T SF is first order, the transition from paramagnetic to incommensurate antiferromagnetic phase at T N is likely to be second order.
Fermi Surface Gapping at the Antiferromagnetic Transition. The incipient incommensurate magnetic order in GdSi is accompanied by changes at the Fermi surface. Here, the behavior of itinerant electrons at the magnetic transition is evidenced experimentally by both electrical resistivity and Hall coefficient measurements, and further corroborated by DOS calculations. All results point to the creation of a Fermi surface gap inside the antiferromagnetic phase. The resistivity shown in Fig. 4A for T >> T N exhibits a slow decrease in ρ(T) and hence a large projected residual resistivity, ρ 0 . Such behavior is naturally assigned to strong scattering between the charge carriers and the disordered local moments. In such a case, one would expect that the onset of magnetic order would lead to a reduction in the resistivity, as electron backscattering from magnetic fluctuations is suppressed. Instead, we see that below T N the resistivity abruptly increases along all three major axes (Fig. 4 B-D) , consistent with the opening of a gap (as in CDW systems), but then decreases at low temperatures to a value of 2-3 μΩ·cm, more than 1 order of magnitude smaller than the projected ρ 0 . Furthermore, a precursor of the rising anomaly in ρ(T) is observed in ρ bb as high as 15 K above T N , which is consistent with a transient gap due to dynamic fluctuations of incipient order and has been observed in many correlated electron systems straddling the weak and strong coupling limits (28) . We thus infer that magnetic order (with a substantial moment) is accompanied by strong Fermi surface reconstruction.
Further evidence for Fermi surface reconstruction emerges from the Hall coefficient R H (T), measured under different current/field configurations (Fig. 4E) . Above T N , R H has opposite signs along two different directions, indicating that the paramagnetic Fermi surface must possess open orbits along some directions, and also likely multiple bands. As the magnetic ordering temperature is crossed, R H for Hjjc and Ijja experiences a large change in magnitude and ultimately changes sign. Given the multiband nature of the system, this is likely to indicate significant removal of DOS at the Fermi surface upon the magnetic ordering, leaving only small patches of hole character below T N . Similarly, drastic removals of DOS with associated sign changes in R H was observed at the CDW transitions in NbSe 2 (8) and α-U (29).
To correlate the magnetic and transport measurements with the electronic structure, we study the DOS of GdSi at the Fermi surface by collecting UV photoemission spectra and comparing them to electronic structure calculations. In the paramagnetic phase, the DOS is directly measured by photoemission, with several peak features in the valence bands identified in Fig. 5A . Specifically, we note that right at the Fermi surface there is a significant accumulation of spectral weight. With the first-principles calculation of the DOS in the antiferromagnetic state, we note that most spectral features in the photoemission data are faithfully reproduced away from the Fermi surface (vertical bars in Fig. 5 A and B) . However, the peaked DOS at the Fermi surface in the paramagnetic phase shifts downward (arrows in Fig. 5 A and B) , indicating the removal of electronic states and the creation of a band gap. Order parameter of the magnetic phase measured as a sum of diffraction intensities at (0, 2±q b , ± q c ) and azimuthal angle φ = 0, and normalized by that of (0, 2, 0). The order parameter has a small discontinuity at T SF = 53.0 K (Inset), together with phase coexistence typical of a first-order transition in a small temperature range around T SF . The high-temperature magnetic phase (red, Inset) shows a second-order transition at T N . The intensity of the low-temperature phase (blue) is fit to a power-law form near the transition with a critical exponent β. Because the diffraction intensity I varies with the average staggered magnetic moment m as I ∼ m 2 , the order parameter of the low-temperature phase is fit with a power law as I ∼ ðT SF − TÞ 2β for (1−T/T SF ) < 0.34 near the phase boundary. We obtain a value of β = 0.345 ± 0.010 that is consistent with critical exponents of many Gd-based antiferromagnets such as GdCo 2 Ge 2 (7), and is typical of isotropic Heisenberg spin fluctuations in three dimensions. The fit also gives a projected T SF = 53.35 K, about 0.35 K above the cutoff temperature T SF at the first-order transition. 
PHYSICS
Signs of a Low-Dimensional, Nesting Fermi Surface. Having observed a connection between the formation of the incommensurate spin structure and the opening of a gap at the Fermi surface, the question naturally arises whether a nesting instability of the paramagnetic Fermi surface of GdSi may be responsible for the formation of a SDW among its itinerant electrons. However, neither the incommensurate spin structure nor the creation of band gap at the magnetic transition necessarily implies the presence of a nested Fermi surface. RKKY interactions between local moments alone could induce an incommensurate spin structure, as the associated superzone boundary may or may not intersect the paramagnetic Fermi surfaces to create a gap (15) . The latter situation is exemplified in systems such as GdNi 2 Ge 2 and GdNi 2 B 2 C (21, 22). On the other hand, if perfectly nested portions of the paramagnetic Fermi surface are present in GdSi, the itinerant electrons will be susceptible to the formation of a SDW, which could in turn induce the incommensurate order of the local moments. For direct proof of a nesting condition, a direct probe of the Fermi surface such as ARPES (20) is necessary. In the absence of such data, we resort instead to both band structure calculation and indirect evidence obtained in the bulk-sensitive X-ray diffraction measurement of the magnetic Bragg peak line shape near the second-order phase boundary at T N . According to the unpolarized band structure calculation, there are several Fermi surface sheets and the dominant band is shown in Fig. 5A , Inset. (The full results are presented in SI Text.) This band shows good nesting features at approximately the correct wave vector for the antiferromagnetic instability seen in experiment. Our experimentally measured asymmetric line shapes also establish that the itinerant states participating in the magnetic ordering exist on low-dimensional Fermi surface sheets that are necessarily nested.
The cross-section of elastic X-ray magnetic scattering is proportional to the static form factor Sðq; ω = 0Þ = R e iqx hsðx; tÞsð0; 0Þi dxdt, which is equivalent to the thermal ensemble average SðqÞ = R e iqx hsðx; 0Þsð0; 0Þi KT dx of the instantaneous (equal-time) spin-density-spin-density correlation function (9, 27) . The form factor is related to the spin susceptibility through the fluctuation-dissipation theorem Sðq; ω = 0Þ ∝ lim ω→0 χ″ðq; ωÞ=ω, where χ″ðq; ωÞ is the imaginary part of the spin susceptibility (30) . χ″ðq; ωÞ with a nonzero ω is often evaluated through inelastic neutron scattering (31) , whereas χ″ðq; 0Þ is readily probed by elastic X-ray scattering. Even for noninteracting electrons, when χðq; ωÞ is given by the well-known Lindhard function, the susceptibility has different characteristic forms in one, two, and three dimensions (32) . Because the spin susceptibility is directly related to the magnetic diffraction line shape, we can use the latter to determine the effective dimensionality of the Fermi surface states giving rise to the diffraction peak. With the current resonant magnetic scattering condition where the resonance is of the electric dipole E1 type (27) , the cross-section is dominated by itinerant Gd 5d states. Hence, the measured line shape primarily reflects the dimensionality of the itinerant electron states that become gapped at the onset of the magnetic order.
We plot in Fig. 6 line shapes of the incommensurate magnetic order in GdSi at several temperatures just below T N . At the relatively low temperature of 52 K, elastic magnetic peaks (0, 2±q b , ±q c ) and lattice peak (0, 2, 0) all have an instrument resolution limited width and a line shape best described by the symmetric pseudo-Voigt function. At 53.7 and 54.2 K, the magnetic line shapes gradually become asymmetric, mirroring each other relative to the (0, 2, 0) order, whereas the (0, 2, 0) lattice peak remains symmetric and identical to that at lower temperature. This rules out lattice strain as a cause of asymmetry in magnetic diffraction peaks. We interpret the asymmetric peak shape as direct evidence of the presence of low-dimensional portions of Fermi surface. Similar asymmetry is also observed in Cr (28), which is considered an archetypical example of a nesting-driven SDW (14) . In Cr, all 3d spins are itinerant with no local moments and the asymmetric line shapes near the thermal phase boundary were attributed to imperfect nesting conditions at the Fermi surface (28) , in close analogy to the asymmetry caused by the presence of low-dimensional portions of Fermi surface discussed here (32) .
The observed asymmetric line shapes in Fig. 6 can be compared with analytical forms of the Lindhard function in various dimensions. For free itinerant electrons, the Lindhard function in two dimensions is proportional to Θð2k F − qÞ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2k F − q p in the vicinity of q = 2k F , whereas it is a step function in three dimensions and a delta function in one dimension (32) . Convolving the 2D functional form with our instrument resolution, as exemplified by the (0, 2, 0) lattice peak, the resulting curve is plotted in Fig. 6 , together with resonant scattering data at 54.2 K. We observe that the experimental result shares the characteristic asymmetry of the Lindhard function, but is steeper than the standard 2D function and best approximated by Θð2k F − qÞ=j2k F − qj, indicating that it lies between the square-root divergence of the perfectly 2D case and the delta function form of the perfectly 1D Fermi surface. We conclude that there are quasi-1D, sheet-like portions of the Fermi surface for those itinerant Gd 5d electrons that are related to the magnetic ordering. Such sheet-like structures necessarily imply at least an imperfect nesting condition and the presence of a corresponding tendency toward the formation of a SDW.
Discussion
A number of transition-metal and rare-earth intermetallics incorporate both local moment and RKKY physics. In CeGe, although the exact nature of the magnetic ordering remains unknown, resistance anomalies were observed along all three major axes in single-crystal samples, indicating the opening of a band gap with incipient antiferromagnetic order (33 states from either Si or Ge. We therefore suggest that the RKKY interaction between local moments is unlikely to be solely responsible for antiferromagnetic states with such similar wave vectors. Instead, we propose that the band structure, which is determined by both crystalline symmetry and valence states, and which is similar for GdSi, CeGe, and CeSi, is likely to play an important role in dictating the wave vector of the magnetic order through its partially nested Fermi surface.
Other FeB-structured RSi antiferromagnets (R = Tb, Dy, Ho) have similar magnetic order around (0, 0.5, q c ) at elevated temperatures (35) . In these systems, the sizes of the local moments are similar to Gd, but the valence bands are significantly different from that of GdSi, with no 5d electron contribution from rare-earth ions. This indicates that even in the absence of nested itinerant spins, RKKY interactions are strong enough to stabilize a magnetically ordered phase. The whole series of FeB-structured rare-earth monosilicide/germanide could represent an elegant chemical tuning of the relative strengths of nesting-driven and RKKY-based incommensurate antiferromagnetic order, by replacement of various magnetic and nonmagnetic species in the stoichiometric structure.
The interplay between a nesting-induced itinerant SDW and the RKKY-ordered local moments can be understood on the microscopic level by considering the usual interaction Hamiltonian (36) : jSj′ . The q dependence of the magnetic interaction strength J(q) is determined by the magnetic susceptibility χðqÞ, which under the random phase approximation is constructed out of the bare susceptibility χ 0 ðqÞ and the effective interaction U of itinerant electrons as χðqÞ = χ 0 ðqÞ=ð1 − Uχ 0 ðqÞÞ. If the Fermi surface is nested, χ 0 ðqÞ will be enhanced at the corresponding wave vector and consequently the local moments will preferentially order at that wave vector. In addition, χðqÞ would predominantly reflect the enhancement of χ 0 ðqÞ near the transition, as testified to by our observed line shapes. Conversely, one could take the mean-field expectation value for local moments in Eq. 1, yielding a coupling between itinerant electrons in the form H itinerant = P k;k′;s;s′ V ðk − k′; s; s′Þc + ks c k′s′ . In this approach, the interaction V(k-k′) would peak at the wave vector of the local moments' order, and in the presence of nesting it is responsible for opening a SDW gap at the Fermi surface (13) . This situation is in fact precisely analogous to the Peierls transition in CDW systems, where ordered displacements of local ionic cores stabilize the emergence of a CDW in a partially nested material (25) .
GdSi represents a system in which nesting and RKKY interactions have comparable strengths, and self-consistently cooperate to form an incommensurate antiferromagnetic ground state. Itinerant electrons dictate the ordering wave vector from the nesting condition, which constrains the broad q range favored by the RKKY interaction between local moments. In a self-consistent manner, the itinerant SDW order aligns local moments, and at the same time the scattering of itinerant electrons from the local magnetic order provides the necessary coupling strength between nested portions of the Fermi surface to create a SDW at the same wave vector. Thus, the incommensurate spin structure in GdSi serves as a clean model system to study the delicate interactions of itinerant and local electron spins, but is also minimally affected by further complications of orbital and lattice couplings. As we demonstrate here, this makes the binary system very accessible for theoretical modeling. Other similarly structured rare-earth monosilicides and germanides are ripe for comparison once they are available in single-crystal form. In addition to chemical tuning with various rare-earth elements, pressure and magnetic field would be powerful tools to regulate the incommensurate spin structure.
Methods
Sample Preparation. GdSi single crystals ∼4 mm in diameter and ∼70 mm in length were grown under a purified Ar atmosphere by the floating zone technique (24) . Diffraction patterns collected on pulverized single crystals at 300 K confirmed that GdSi crystals are single phase. Elemental analysis of the crystals confirmed the stoichiometric Gd:Si ratio. X-ray Laue imaging was used to orient the crystals with an accuracy of 1°. Crystals were cut to size using either an acid saw or electrical discharge machining. All samples 
convoluted with instrument resolution (black); and asymmetric function Θð2k F − qÞ=j2k F − qj convoluted with instrument resolution (red). All data were measured in the σ-π geometry of X-ray polarization with no background subtracted and horizontal axes marking the zero level of intensity. Vertical error bars represent 1σ counting statistics.
surfaces were polished to a mirror finish with 0.05-μm alumina suspension (Buehler).
X-Ray Diffraction. Single-crystal X-ray diffraction was performed at Sector 4-ID-D of the Advanced Photon Source (APS) using the vertical diffraction geometry. For line shape studies, a reciprocal-space longitudinal resolution better than 1 × 10 −3 Å −1 FWHM can be achieved with detector slits of 1 × 0.1 (H × V) mm 2 placed 1.3 m away from the sample. Resonant magnetic diffraction used 7,933 eV X-rays at the Gd L2 edge using a plate sample in the Bragg geometry and a matching graphite (0, 0, 6) polarization analyzer fixed in the σ-π geometry. Our observed line shapes correspond solely to the elastic process in Sðq; ω = 0Þ because the inelastic X-ray scattering is much weaker than the elastic process, and being incoherent does not constructively interfere. The inelastic process also would not change the polarization of the X-rays. Hence, although the NaI X-ray detector does not have good energy sensitivity, both the narrow detector slit setting and the σ-π scattering geometry make the contribution from inelastic scattering negligible. For lattice studies, nonresonant X-ray diffraction at 20.000 keV was performed in the Laue geometry on a 50-μm-thick sample with 0.04°mosaicity. Both incident beams were focused to a FWHM size of 250 × 120 (H × V) μm 2 and attenuated by a factor of ∼8-10 throughout to avoid sample heating. The diffracted intensities were confirmed to vary linearly with incident X-ray intensity near the phase boundary. A Gifford-MacMahon-type cryostat provided sample temperature down to 4.0 K with a thermal stability of ± 0.02 K. High-resolution X-ray powder diffraction was performed at Sector 11-BM of APS, with an analyzer-based detector array of ∼1.5 × 10 −3 Å -1
FWHM resolution at 33.5 keV. Measurements were performed at 60 and 6.6 K, with the high-temperature phase of GdSi found to be consistent with the Pnma space group reported in the literature.
Magnetotransport. Four-probe resistivity measurements were made using bar-shaped single-crystal samples of typical size (2 × 0.4 × 0.05) mm 3 , aligned to under 5°along the three principal crystal axes at Sector 6-ID-D of APS. Hall effect measurements were made on similarly sized 5-probe Hall bars lasercut from aligned single crystals, over a field range of ±5,000 Oe. Resistivity and Hall coefficients were measured using an LR700 resistance bridge in a Quantum Design physical property measurement system (PPMS) to T = 2.0 K, with a systematic error of ±5% due to uncertainties in dimensions. DC magnetic susceptibilities were measured for 1.8 < T < 300 K along all three major axes using a Quantum Design magnetic property measurement system (MPMS) in a 160-Oe probe field.
UV Photoemission Spectroscopy. UV photoemission spectra were recorded with a resolution of 28.5 meV using a Perkin-Elmer/Physical Electronics model 5600 electron spectroscopy for chemical analysis (ESCA) system equipped with a SPECS UVS 300 UV lamp (He-I, hν=21.21 eV; He-II, hν = 40.81 eV), and a spherical capacitor analyzer (37) . A GdSi sample with b-axis surface normal was held at 173 K for the measurement, after repeated surface treatment cycles of Ar ion sputtering and annealing at 923 K.
Band Structure Calculations. First-principles band structure calculations were performed using the generalized gradient approximation (GGA)+U approach in the full-potential linearized-augmented-plane-wave method (ref. 38 and references therein), where U is the Hubbard correlation term. The DOS in the antiferromagnetic phase is calculated for a spin structure with a (0, 1/2, 0) wave vector, which doubles the lattice size along the b axis, in an approximation of the incommensurate wave vector in the real system.
